Background. The purpose of this study was to assess the value of body surface mapping and the standard 12-lead ECG in localizing the site of origin of postinfarction ventricular tachycardia (VT) during endocardial pace mapping of the left ventricle.
ventricular apex or outflow tract to induce VT by programmed electrical stimulation. The arrhythmia terminated either spontaneously or was interrupted by programmed stimulation or electrical cardioversion (hemodynamic instable VT) after 12-lead and 62-lead ECG recordings had been obtained simultaneously. A second 6F or 7F quadripolar catheter was advanced into the left ventricle through a femoral or brachial artery and was used for left ventricular pace mapping. Bipolar pacing was performed with the distal electrode pair (interelectrode distance, 0.5 cm). Current intensities were just above the diastolic stimulation threshold and ranged from 0.5 to 16 mA. To prevent renewed arrhythmia initiation and hemodynamic compromise, pacing was conducted at stimulation rates varying between 100 and 130 beats per minute. The pace mapping sequence was not individually directed by immediate evaluation of the paced electrocardiographic sequences. Given the purpose of the study, a random pace mapping procedure with off-line electrocardiographic analysis was preferred. Care was taken, however, that all major areas of the left ventricle were explored by maneuvering the catheter to a minimum of 9 widely distributed endocardial locations. The time required for a pace mapping procedure ranged from 25 to 60 minutes (mean, 43±11 minutes). The endocardial stimulus site locations were computed with respect to anatomic reference points and displayed on a polar projection of the left ventricle using a previously described cineradiographic method. 26, 3940 Briefly, 450 left anterior oblique (LAO) and 45°right anterior oblique (RAO) fluoroscopic images were simultaneously acquired at every pacing site. Biplane contrast cineventriculography was carried out to determine the position of the anatomic reference points: the center of the mitral and aortic valve ring (MVR and AVR) and the left ventricular apex. Location-specific cylindrical coordinates used in the polar representation of each pacing site were subsequently calculated by computer after digitizing end-diastolic fluoroscopic frames. LAO The end-diastolic contour of the ventricular cavity, the outline of the mitral and aortic valve ostium (dashed lines), and the positions of pacing sites and anatomic reference points-apex, center of the mitral valve ring (MVR), and aortic valve ring (AVR) -are indicated in the biplane images. In the polar projection, the anatomic reference points and pacing sites are demonstrated together with the locations of the endocardial quadrants, the anterior (APM) and posterior (PPM) papillary muscles; the estimated position of the postinfarction scar is depicted by the hatched area. The outline of the polar projection marks the position of the plane of the mitral valve ostium, the center defines the position of the apex, and the radius corresponds with the mitral valve apical axis. Compare the opposite locations of pacing sites 10 and 8 at the septal and lateral quadrants vs sites 15 and 3 at the junction of the anteroseptal quadrants and the posterior quadrant of the polar projection with the corresponding left and right vs top and bottom locations of these sites in the LAO image.
previously. [40] [41] [42] In summary, a portable mapping system43 and radiotransparent carbon electrode array44 were used to sample unipolar ECG tracings simultaneously from 62 torso sites (panel A in Fig 2) The stimulus site location of the best matching paced QRS integral map was thereafter delineated on the endocardial polar projection of the left ventricle. The localization accuracy of pace mapping applied in conjunction with 62-lead ECG mapping was established by determining the distance between the selected stimulus site and the site of origin obtained during intraoperative (surgical ablation) or catheter activation sequence mapping (catheter ablation). Sites were described to be identified correctly with pace mapping when the distance between them was <2 cm, adjacent if they were between 2 and 4 cm apart, and disparate if the distance was 24 cm.
To establish the localization resolution of pace mapping combined with body surface mapping, we additionally selected paced QRS integral maps demonstrating a pattern that was visually similar to the pattern of the best matching paced QRS integral map with regard to the above described spatial map features; pattern resemblance was mathematically established through the calculation of correlation coefficients. The cineradiographic method used for the computation of the endocardial pacing site locations26,3940 was subsequently applied to estimate the size of endocardial areas where similar QRS patterns were generated.40 This was achieved by calculating the circular area between two pacing sites with comparable electrocardiographic features (ie, between the best matching pacing site and the site with a comparable paced pattern); the distance between these two pacing sites determined the diameter of the circular area. The largest area was selected when more than two pacing sites produced comparable map features.
Pace mapping and 12-lead ECG. The QRS complexes of the VT configuration(s) and paced sequences obtained in each patient were visually compared by two observers who were unaware of the localization results obtained by pace mapping combined with body surface mapping. This comparison was conducted according to the grading system developed by Morady et al.14 A comparison was graded "excellent" if the VT and paced QRS complexes were identical or very similar in all 12 lead tracings, "good" if the VT and paced QRS complexes displayed no difference in bundle branch block morphology and frontal plane axis and were very similar in 10 or 11 of 12 lead tracings, and "poor" if the VT and paced QRS complexes were very similar in only 9 of 12 lead tracings. The endocardial stimulus site location(s) at which the best VT match was obtained were marked on the polar projection of the left ventricle. The localization results were evaluated by determining the dis-tance between a pacing site selected on the basis of the 12-lead ECG with the site of origin obtained during intraoperative (surgical ablation) or catheter activation sequence mapping (catheter ablation) as well as with the stimulus site selected when using the 62-lead ECG. A localization was defined to be correct when the distance between two compared sites was <2 cm, adjacent if the distance was between 2 and 4 cm, and disparate if the distance was .4 cm.
The localization resolution of pace mapping used in conjunction with the 12-lead ECG was assessed by determining for each VT morphology the paced configurations that were graded as "excellent" and "good" or, when no such level of replication was obtained, the paced morphologies that were graded as having a "poor" resemblance with the VT configuration. The circular area between two pacing sites with such equal grading characteristics was then computed according to the procedure that was used to determine the localization resolution of pace mapping with body surface mapping. The largest area size was chosen if equal grading was obtained for the QRS complexes produced at more than two pacing sites. Thus, an approximation of the dimensions of the endocardial area where comparable 12-lead ECG morphologies were generated during pacing was acquired.
Statistical testing. Statistical comparison of the localization accuracy of pace mapping combined with body surface mapping or the 12-lead ECG was performed with Fisher's exact test. A two-tailed P value of <.05 was considered significant. All data are given as mean±SD.
Results

Ventricular Tachycardia Features
QRS integral maps of 26 distinct monomorphic VTs (1 to 3 per patient) and 9 to 24 endocardial pacing sequences (mean, 15.8±4.7) were obtained during electrophysiological study of 16 patients. Tachycardia characteristics are listed in Table 2 . Right bundle branch block (RBBB) morphology (positive polarity in V,) was acquired in 19 VTs; left bundle branch block (LBBB) morphology (negative polarity in V1) was obtained in 7 VTs. The VT cycle length varied between 230 and 600 milliseconds (mean, 367±101 milliseconds). Fourteen of the 26 VTs (54%) observed during electrophysiological study were either nonsustained and not well reproducible or caused rapid hemodynamic deterioration requiring external DC shock cardioversion.
Endocardial Pace Mapping Results
Body surface mapping. Visual and mathematical comparison of VT QRS integral maps with paced QRS integral maps revealed a matching pattern in 24 of 26 tachycardias (92%). Table 2) .
The results of pace mapping combined with body surface mapping were compared with the activation mapping data of 10 VTs; the activation mapping data of 2 tachycardias (VT C in patient 11 and VT A in patient 12) were not compared because localization by pace mapping was not achieved. The site of origin was localized correctly by pace mapping and body surface mapping in 8 of 10 VTs (80%), and an adjacent site or a disparate site was identified in the remaining 2 of 10 VTs (20%) ( Table 2) .
The localization results obtained by pace mapping combined with the 12-lead ECG were compared with the activation mapping data of 11 VTs. Pace mapping used with the 12-lead ECG enabled correct identification of the site of origin in 2 of 11 VTs (18%). Localization of the site of origin and an additional adjacent site was obtained in 6 of 11 VTs (55%); an adjacent site or a disparate site was identified in 1 of 11 VTs (9%) and 2 of 11 VTs (18%), respectively ( Previous studies. Josephson et a36 applied endocardial pace mapping in combination with 12-lead ECG recordings to determine the value of this technique in localizing the site of VT origin. After prior identification of the tachycardia origin by catheter activation sequence mapping, these authors reported that pacing at the site of origin resulted in a QRS morphology similar to the QRS morphology observed during VT, although pacing at adjacent areas could demonstrate similar QRS configurations. They concluded that the scalar QRS morphology of the 12-lead ECG allows localization of the origin of VT to a relatively large area of 20 to 25 cm2. The present results underline these findings and also show that a significantly higher resolution can be obtained when the spatial QRS integral configuration obtained in multiple surface leads is analyzed. We also observed similar QRS integral patterns and comparable QRS morphologies of the 12-lead ECG at closely spaced or adjacent pacing sites, but the size of the corresponding endocardial area was much smaller with body surface mapping (mean approximated size of 6.0±4.5 cm2) than with the 12-lead ECG (mean approximated size of 15.1±12.0 cm2). The lower resolving power of the standard ECG is furthermore illustrated by a comparison of the localization results of both electrocardiographic techniques. The 12-lead ECG enabled identification of the same site as determined by body surface mapping (referred to as correct site in Table 2 ) in 83% of the VTs. However, an adjacent site (Figs 3 to 5 ) and sometimes even a disparate site were additionally delineated as the presumed area of arrhythmogenesis in 50% of the latter subset of VTs. Kadish et a138 recently evaluated the resolution of pace mapping in combination with the 12-lead ECG by performing unipolar stimulation at 1 catheter site per patient and visually examining the QRS complexes produced by each pole of a quadripolar catheter (interelectrode distance, 0.5 cm). Visual examination concentrated on assessing minor configuration differences (notch, new small component, amplitude change of individual component, or change in QRS shape), major configuration differences (new large component, marked change in amplitude of existing component, or two minor changes), and peak to peak changes in amplitude. Their patient group included 29 patients, of which 11 had remote myocardial infarction. They concluded that the QRS complex obtained during pacing at sites that were 1.5 cm apart was mostly similar if major configuration differences were concerned; sites that were 0.5 cm apart could usually be differentiated if minor differences in configuration and amplitude were taken into consideration. It was suggested that application of the latter approach would allow identification of an area of 1 to 4 cm2. We applied 12-lead ECG analysis criteria that were previously developed by Morady and coworkers14 and that seem to relate to the "major configuration differences" criteria used in their recent report. 38 Despite application of these criteria, we obtained a considerably lower spatial resolution with the standard ECG. This might be understood by the fact that in the study by Kadish et al,38 only one catheter position in each patient was compared and the maximum distance between pacing sites was 1.5 cm. It should also be realized that although they performed pacing at areas with abnormal electrical activity, sites at which the stimulation threshold was more than 5 mA were not included. Thus, areas with dense infarct scarring requiring higher current amplitudes to obtain ventricular capture were not analyzed. A considerable number of pacing sites where a current amplitude of more than 5 mA was needed were found in 13 of our 16 patients (2 to 6 sites per patient). This might also partly explain why the presence of a prior infarct in the report by Kadish et a138 resulted in fewer QRS amplitude differences but did not influence QRS configuration differences among compared paced sequences. Lin et al57 demonstrated in a canine model of experimental myocardial infarction that tachycardia localization by ventricular pace mapping used in conjunction with orthogonal surface ECG leads can be performed with a resolution of 1 cm in 88% of the VTs. Since activation mapping and pace mapping were carried out with an array of 64 endocardial and epicardial electrodes, these authors did not consider it likely that a higher resolution could be achieved in humans with fluoroscopically directed single site pace mapping procedures.
In the above-mentioned study by Josephson et al,36 it was reported that next to similar QRS patterns, substantially different QRS configurations could also be obtained during pacing at adjacent sites; changes from RBBB to LBBB patterns were noted during pacing at adjacent sites at the left side of the ventricular septum. We have previously performed left ventricular pace mapping in patients without structural cardiac disease or with remote myocardial infarction and developed a reference data base of specific 62-lead QRS integral map patterns after pacing at 25 (no myocardial disease), 22 Fig  1) . Although visual and mathematical comparison of the VT and the paced QRS integral map obtained at site 2 (r=.94) and correlation of the 12-lead ECG during VT and pacing at sites 1 and 2 show that adequate replication of the tachycardia pattern was obtained during pace mapping, the results of intraoperative mapping revealed a site of origin at a disparate endocardial site. This discrepancy in localization might be caused by the fact that the initial impulse during VT favored propagation from an endocardial site of origin at the middle anterolateral wall to a remote exit into the noninfarcted myocardium at the anteroseptal base, where epicardial breakthrough subsequently occurred. In contrast, pacing at a site very near to the VT origin during the preoperative study (site 3) demonstrated a substantially different QRS morphology with superior and rightward-directed QRS forces and a consequent low correlation coefficient (r=. In the present report we were not able to attain a high localization resolution with body surface mapping in all the studied tachycardias. Pace mapping identified a site of origin at an adjacent or a disparate endocardial site in 2 of 10 VTs (20%) that could be compared with activation mapping data; these two VTs were recorded in patients who underwent antiarrhythmic surgery. It appeared retrospectively that in both instances pacing had also been conducted during electrophysiological study at a site nearly identical to the intraoperatively determined site of origin. This resulted in paced QRS integral patterns and paced QRS complexes of the 12-lead ECG that were clearly different from the QRS morphology during VT. For instance, in patient 3 (Fig  6) , pacing at the middle anterolateral wall (site of origin determined during surgery) produced a QRS integral map demonstrating superior and rightward-directed electrical forces, whereas the VT QRS integral map displayed rightward-oriented forces. Since the site where an ectopic ventricular impulse exits the infarcted zone and propagates into the normal myocardium as well as the subsequent location of epicardial breakthrough determine to a large extent the general morphology of the surface QRS complex,27,31,36,61,62 it is very likely that there was a different route of conduction during VT than during ventricular pacing. In the situation described above, this would imply that the tachycardia activation wave front showed preferential conduction from its endocardial origin at the middle anterolateral wall toward a disparate exit site at the anteroseptal base of the heart, where it initiated activation of the bulk of noninfarcted myocardium and then broke through onto the epicardium. On the other hand, during pacing at the site of origin, the activation wave front must have followed a more direct route toward the overlying epicardium. The different route of the impulse during VT 
